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Abstract

Purpose of Review Neurotrophic keratopathy (NK) is a degenerative corneal disease characterized by decreased corneal sensi-
bility and impaired corneal healing. In this article, we review surgical techniques for corneal neurotization (CN) and novel
medical therapies for the treatment of NK.

Recent Findings In recent decades, there has been a paradigm shift in the treatment strategies for NK. New minimally invasive
direct and indirect CN approaches have demonstrated efficacy at improving best-corrected visual acuity and central corneal
sensation while decreasing surgical morbidity. In addition, several targeted medical therapies, such as recombinant human nerve
growth factor (thNGF), regenerating agents (RGTA), and nicergoline, have shown promise in improving corneal epithelial
healing. Of these options, cenegermin (Oxervate®, Dompé), a topical biologic medication, has emerged as an approved medical
treatment for moderate to severe NK.

Summary NK is a challenging condition caused by alterations in corneal nerves, leading to impairment in sensory and trophic
function with subsequent breakdown of the cornea. Conventional therapy for NK depends on the severity of disease and focuses
primarily on protecting the ocular surface. In recent years, numerous CN techniques and novel medical treatments have been
developed that aim to restore proper corneal innervation and promote ocular surface healing. Further studies are needed to better
understand the long-term efficacy of these treatment options, their target populations, and the potential synergistic efficacy of
combined medical and surgical treatments.

Keywords Corneal neurotization - Corneal neurotization - Neurotrophic keratopathy - Cenegermin - Corneal epithelial defect -
Neurotrophic keratitis - Nerve growth factor

Introduction functions such as the blink and tearing reflexes, and corneal
wound healing. Thus, intact corneal innervation is vital for
The cornea is the most densely innervated tissue in the body, =~ maintaining the structural and functional integrity of the ocu-
making it 300-600 times more sensitive than the skin [1-3]. lar surface.
The dense innervation of the cornea contributes to ocular sen- A symbiotic relationship exists between the corneal epithe-
sations such as dryness, discomfort, and pain, as well as lium and the nerves that innervate it. Corneal nerves secrete
substances such as substance P and calcitonin gene-related
peptide, which promote proliferation of the corneal epithelium
and play a key role in wound healing of the ocular surface [3].
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the corneal epithelium is vulnerable to breakdown and even-
tual corneal opacification, which is a leading cause of blind-
ness [2]. Therefore, it is crucial that improper corneal nerve
function be effectively restored.

The cornea is innervated by the ophthalmic division of the
trigeminal nerve (cranial nerve V). Approximately 50450
sensory trigeminal neurons emanate from the ophthalmic
branch and terminate as free nerve endings within the corneal
epithelium [2, 5]. Nerve fibers extend from trigeminal gangli-
on cells and branch into nerve bundles that lay uniformly
around the corneoscleral limbus, forming the limbal plexus.
From the limbal plexus arise 33—71 stromal nerve bundles that
perforate Bowman’s layer to form dense nerve plexi beneath
the basal epithelial cells, with an increasing number of nerve
divisions as the distance from the corneoscleral junction in-
creases [60]. Stromal nerves are both myelinated and unmyelin-
ated. Some of them terminate in free nerve endings, while
others innervate keratocytes, contributing to the reciprocal re-
lationship between the ocular tissues and their nerves [2]. In
addition to innervating the cornea, the trigeminal nerve serves
as the afferent limb of two important ocular reflex arcs via the
facial nerve: the blink response (motor) and the secretion of
goblet cells, lacrimal glands, and meibomian glands (auto-
nomic), which play key roles in overall eye function [7].
Thus, trigeminal nerve damage or dysfunction, particularly
of the ophthalmic branch, can lead to devastating conse-
quences for corneal health.

Neurotrophic Keratopathy

Neurotrophic keratopathy (NK) is a rare degenerative corneal
condition with a prevalence of 1.6 to 4.2 per 10,000 persons
[8]. Reduced corneal sensation, as seen in NK, can lead to
recurrent and persistent corneal epithelial defects, ulcers, cor-
neal opacification, and even perforation, posing a serious
threat to vision in addition to negatively impacting the quality
oflife [1, 7, 9—13]. Patients are at greater risk of complications
and vision loss if they have a concomitant facial nerve palsy
with lagophthalmos, which can lead to chronic exposure ker-
atopathy and dry eye [9—11]. However, when corneal sensa-
tion is severely reduced, breakdown of the corneal epithelium
can occur even without provoking factors such as excess dry-
ness, infection, exposure, or trauma. Furthermore, epithelial
defects can persist without proper healing [14].

NK can be unilateral or bilateral and can result from any
cause that leads to injury or impairment of the trigeminal nerve
or one of its branches, specifically the ophthalmic branch [7].
Common causes include herpetic keratitis; systemic diseases
such as diabetes mellitus, multiple sclerosis, and leprosy; chem-
ical and thermal eye injury; long-term contact lens use; topical
anesthetic abuse, injury to the trigeminal nerve secondary to an
intracranial space-occupying lesion, such as an acoustic neuro-
ma; nerve transection secondary to anterior segment surgery or

refractive surgery; or neurosurgical procedures that damage the
trigeminal ophthalmic branch [4, 5, 7, 15, 16].

The Mackie classification helps to stage the severity of
disease and outlines appropriate interventions. According to
this classification system, stage 1 represents early disease with
corneal epithelial hyperplasia, superficial punctate keratopa-
thy, superficial neovascularization and scarring, and dellen
formation. Stage 2 is moderate disease with persistent epithe-
lial defects with smooth and rolled edges, Descemet’s folds,
and stromal swelling that can progress to anterior chamber
inflammation with hypopyon. Stage 3 is severe disease, such
as corneal ulcer with stromal stomal melt that progresses to
perforation [4, 5, 17, 18, 19]. An estimated 1 in 10,000 per-
sons suffer from severe (stage 3) NK [17¢].

Conventional therapy for NK depends on the severity of
disease and focuses primarily on protecting the ocular surface
via lubrication (artificial tears, ointment), bandage contact
lenses, amniotic membrane transplantation, or tarsorrhaphy.
The field is rapidly changing, however, and in recent years,
numerous new surgical and medical treatments have devel-
oped that aim to restore proper corneal innervation and pro-
mote ocular surface healing. We review the development of
various corneal neurotization (CN) techniques and discuss the
advantages and disadvantages of each approach based on the
donor nerve and nerve graft selections, degree of invasiveness,
and clinical outcomes. We also present novel medical thera-
pies that have emerged as alternatives to corneal neurotization
in the treatment of moderate to severe NK.

Corneal Neurotization

CN is a rapidly evolving surgical procedure that involves the
transfer of healthy donor sensory nerve axons to the denervat-
ed cornea in order to reestablish innervation. CN has shown
success at restoring corneal sensation by reinnervating the
stromal and sub-basal layers of the cornea, with a meta-
review of 54 eyes showing significant improvement in both
best-corrected visual acuity (BCVA) and corneal sensation
following neurotization [20e¢, 21]. This surgical approach
has been demonstrated in both humans and animal models
to effectively protect the cornea from ulceration and perfora-
tion and to promote faster epithelial healing compared to non-
neurotized neurotrophic corneas [3, 5, 10, 11, 22-24]. Since
CN was first introduced by Terzis et al. in 2009 [10], a series
of adaptations and new techniques have evolved.

Direct Nerve Transfer
The direct method of CN involves directly transferring intact
donor sensory nerves to the corneoscleral limbus of the anes-

thetic cornea. Various approaches and donor nerve selections
have been described and are summarized here.
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Coronal Approach for Direct Nerve Transfer

Terzis et al. first described the coronal approach for CN as a
method to directly transfer the contralateral supraorbital nerve
(SON) and supratrochlear nerve (STN) to the anesthetic cor-
nea [10]. This technique was modified by Jacinto et al. in 2016
[24], who described direct transfer of the ipsilateral SON for
the same indication. The coronal approach involves elevating
a large scalp flap that provides excellent exposure for
atraumatic transfer of the SON and STN. These nerves exit
the orbit anteriorly, providing sensation to portions of the
forehead and scalp, and are considered good choices for donor
nerves because they are large enough to be dissected under
magnification from their original anatomic locations with rea-
sonably low risk and are sufficient in length to reach their
intended target [10].

The surgical approach begins with a bicoronal incision
3 c¢m behind the hairline from one auricular helix to the other,
or from midline to the ipsilateral auricular helix (hemicoronal)
in the case of ipsilateral donor nerve harvest. The flap is dis-
sected in a subgaleal plane to the supraorbital rims for contra-
lateral transfer (Fig. 1), or the ipsilateral orbital rim for ipsilat-
eral transfer. The SON and STN are then dissected proximally
to the supraorbital margin using high magnification.
Approximately 4 to 10 cm of the nerve can be dissected,
depending on the patient’s anatomy and the distance to the
ipsilateral versus contralateral cornea. The nerve branches are
tunneled over the nasal bridge for contralateral transfer, or
over the orbital rim for unilateral transfer, to a small incision
along the upper eyelid crease of the affected eye. A
blepharotomy is created between the superior fornix and the
eyelid crease incision, medial to the medial horn of the levator
aponeurosis, and the nerve branches are retrieved from the
eyelid incision to the fornix using a hemostat. The distal nerve
branches are then tunneled in a sub-Tenon’s plane to an

Fig. 1 Direct corneal neurotization. The contralateral supraorbital and
supratrochlear branches are harvested and tunneled across the bridge of
the nose and inserted around the limbus of the contralateral anesthetic
eye. Figure from Terzis et al. Plast Reconstr Surg. Jan 2009
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incision made 7 mm above the superior limbus to conjunctival
incisions made at the 12, 3, 6, and 9 o’clock positions at the
corneoscleral limbus. The donor nerve is inset by securing the
distal nerve branches to the sclera within 1 mm of the
corneoscleral limbus using 8-0 to 10-0 absorbable or non-
absorbable sutures with or without fibrin glue [3, 10].

Terzis et al. reported improvement in corneal sensation,
visual acuity due to resolution of corneal clouding, and cor-
neal health with no ulcer recurrence or signs of advancing NK,
at a mean follow-up of 16.3 months [10]. Advantages of the
coronal approach include the readily accessible donor sensory
nerves in areas of anatomic familiarity to most plastic sur-
geons without preparation of graft tissues, a single location
of postoperative hypoesthesia, anesthesia, or potential scars,
and avoidance of a neurorrhaphy that may increase the risk of
neuroma formation and prevent successful nerve regeneration
[10]. Disadvantages include possible insufficient donor nerve
length to reach the contralateral cornea, increased risk for iat-
rogenic nerve injury from manipulation when harvesting long
lengths of the nerve, and axonal loss at distal ends of the nerve
that could limit the overall efficacy. Complications include
hematoma or neuroma formation and potential numbness
and discomfort at the donor site, although this typically re-
solves within a few months.

Minimally Invasive Direct and Endoscopic Direct Nerve
Transfer

The evolution of CN has led to the development of minimally
invasive direct corneal neurotization (MIDCN) approaches,
such as the techniques described by Leyngold et al. In these
techniques, endoscopic guidance, rather than a bicoronal or
hemicoronal incision, can aid in contralateral SON transfer
[25, 26]. For unilateral direct nerve transfer, a single upper
eyelid crease incision with direct visualization can be used
to harvest the ipsilateral SON [27].

The MIDCN technique involves an upper eyelid crease inci-
sion below the donor supraorbital nerve for ipsilateral transfer.
For contralateral nerve transfer, an additional contralateral eyelid
crease incision is needed as well as two 1-cm vertical scalp
incisions, one midline and one tangent to the contralateral me-
dial limbus, similar to an endoscopic brow lift. The donor
neurovascular bundle is identified through the eyelid crease in-
cision. Dissection is then continued superiorly along the
subgaleal plane to isolate a 1-cm segment of the periosteal
branch of the SON. In ipsilateral transfer, approximately 4 cm
of the SON is dissected under direct visualization (endoscopic
guidance is not needed), the distal end is transected, and the
nerve is reflected inferiorly through the ipsilateral upper eyelid
incision. In contralateral transfer, an endoscope is used via the
scalp incisions to aid visualization. Subperiosteal dissection is
carried out until just cephalad to the isolated segment of SON.
The periosteum is incised and the SON branches are isolated
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(Fig. 2). Approximately 8 cm of the nerve is dissected until its
distal end is severed through a scalp incision. Similar to previ-
ously described methods, the nerve branches are then tunneled
to the contralateral eyelid crease incision, to the fornix through a
blepharotomy incision, and tunneled to the corneoscleral limbus
in a sub-Tenon’s plane.

Outcomes for the endoscopic technique have been reported
for five patients with promising results including increased
corneal sensation measured by Cochet-Bonnet (CB)
esthesiometry and improved corneal appearance [28, 29].
The SON is the preferred donor nerve in MIDCN as it has
consistent anatomy, reliable nerve length, and contains more
myelinated axons than the STN. However, it should be noted
that there are equally successful reports of corneal sensation
return using the STN [30]. MIDCN for unilateral nerve trans-
fer has demonstrated successful outcomes with improved or
stable BCVA and rapid recovery of corneal sensibility at 2—
4 months, measured with CB esthesiometry, without persis-
tent epithelial defects [27].

Advantages of the endoscopic MIDCN approach include
reduced morbidity, faster postoperative healing and surgical
time, improved cosmesis, improved postoperative forehead
sensation, and the ability to use either ipsilateral or contralat-
eral SONs. Disadvantages include the cost of endoscopic in-
strumentation and the technique’s learning curve, with mod-
erate technical difficulty for operating surgeons [27].
Advantages of the MIDCN for unilateral nerve transfer in-
clude a localized area of incision and dissection that decreases
the risk of postoperative morbidity or donor nerve injury,
shorter operative times, and the flexibility to use general or
intravenous anesthesia [27].

Indirect Nerve Transfer

The indirect method of CN, also termed minimally invasive
corneal neurotization (MICN), involves the use of an
interpositional nerve graft that serves as a conduit between the
donor sensory nerve and the anesthetic eye (Figure 3a—d) [3, 31,
32]. Variations to this technique include the choice of the

interpositional nerve graft, which includes several autograft
and allograft options, as well as the donor nerve selection.
Once selected and harvested, the end of the nerve graft is con-
nected to the cut end of the donor sensory nerve (end-to-end) or
to a cut epineurial window in the side of the donor nerve (end-to-
side) using sutures or fibrin adhesives. This connection is termed
coaptation. The advantages of the indirect method include the
ability to access the donor nerve proximally, where a greater
number of axons are available for regeneration. Furthermore,
minimally invasive eyelid or conjunctival incisions obviate the
need for large coronal incisions and extensive facial dissections.
Additional advantages include preservation of donor site sensa-
tion and surgical flexibility to choose nerve grafts and coaptation
techniques to meet the anatomical constraints. Disadvantages
include potential complications at the neurorrhaphy site such
as neuroma formation [23, 27], and the increased distance for
nerve regeneration, which may result in delayed comneal reinner-
vation as compared with the direct approach.

While the interpositional graft can be coapted to a variety of
donor sensory nerves, Elbaz et al. were the first to report the
coaptation of an interpositional graft to the ipsilateral or contra-
lateral STN and SON [32]. The STN or the SON is accessed via
a medial upper lid incision, just inferior to the brow. The end of
the interpositional nerve graft is then coapted to either the side of
the donor nerve (end-to-side) or to the end of the donor nerve
(end-to-end). The advantage of end-to-side coaptation is that the
donor sensory nerve is preserved, which lessens donor nerve site
morbidity and loss of donor site sensation. Sutures, amniotic
membrane, and/or fibrin glue may be used to reinforce the
neurorrhaphy site. The distal nerve graft is then tunneled to the
corneoscleral limbus in a similar manner as previously described.

Autograft Options

Autograft options include the sural nerve, greater auricular
nerve, and lateral antebrachial cutaneous nerve. Autologous
nerve grafts provide an optimal environment for axon regen-
eration and supply sufficient nerve length to allow for coapta-
tion with a variety of contralateral and ipsilateral donor

Fig. 2 Minimally invasive direct corneal neurotization. Endoscopic dissection of the supraorbital nerve from the eyelid (a) and scalp (b) incisions.
Supraorbital nerve being harvested under endoscopic visualization (¢). Figure from Leyngold et al. Ophthal Plast Reconstr Surg. Jan/Feb 2018
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Fig. 3 Indirect corneal neurotization. a A segment of sural nerve is
harvested. In this photo, two segments of the sural nerve are shown. b
The distal end of the nerve graft is separated into fascicles on the ocular
surface. ¢ The fascicles are tunneled in a sub-Tenon’s plane around the
limbus to the desired quadrants and secured to the corneoscleral limbus. d

sensory nerves. However, disadvantages include graft site
morbidity, such as numbness, scarring, and increased infec-
tion risk [32], and the need for a second team to harvest the
graft, which may prolong operative times. Several
interpositional graft options are described below.

Sural Nerve Graft

Elbaz et al. first described the use of the sural nerve (SN) for
indirect CN in 2014, where a segment of the medial cutaneous
branch of the SN was used as an interpositional graft between
the STN donor nerve and the anesthetic cornea [32]. The me-
dial cutaneous branch of the SN is harvested from the leg from
the proximal to the distal end to obtain 10—15 cm of the nerve
graft. This portion of the SN provides sensation to the distal
lower leg and dorsum of the foot and can be harvested with
minimal morbidity. A review of 19 eyes of young patients
with mostly grade 2—3 NK that underwent CN with this tech-
nique showed significant improvements in the number of ep-
isodes of epithelial defects and improved central corneal sen-
sation by CB esthesiometry at a mean follow-up of 24 months
[22]. Although the BCVA remained stable, immunochemical
staining and magnetoencephalography confirmed the reinner-
vation of the cornea [22]. The SN graft has the ability to
provide over 20 cm in length, which expands the donor nerve
options to include the maxillary and mandibular branches of
the trigeminal nerve [33]. Reports using the SN graft to the
SON or STN demonstrate improvement in corneal healing,
corneal sensation, and BCVA [5, 24, 33].

Jowett and Pineda reported end-to-end coaptation of
the SN graft to the ipsilateral GAN, which has the ben-
efit of being a large donor nerve with increased axon
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The proximal end of the nerve graft is coapted to the end of the
supraorbital nerve using 10-0 nylon. A nerve wrap and fibrin glue can
be added (not shown here). Alternatively, the nerve can be coapted end-
to-side or end-to-end to other donor nerves

count and results in reduced loss of facial sensation
compared with the use of the SON and STN [34].
Disadvantages of this technique include a low likelihood
of restoring a normal blink reflex and risk of injuring
the interposition graft during any subsequent mid-facial
surgeries [34].

Greater Auricular Nerve Graft

The greater auricular nerve (GAN) can also be used as
an interpositional graft for CN. It provides sensation to
the skin over the parotid gland via its anterior branch
and to the skin over the mastoid process, lower dorsal
earlobe, and auricle via its posterior branch [34, 35].
Approximately 7 cm of the GAN can be harvested via
a 3-cm skin incision in the neck along the middle por-
tion of the nerve and dissected towards the exit point of
the GAN, which is about 6.5 cm from the mastoid and
1 cm from the external jugular vein [35]. This technique
has demonstrated successful corneal nerve regeneration
by confocal microscopy in multiple patients with im-
provement in BCVA and corneal sensation in the ma-
jority of patients [34, 35]. The advantages of the GAN
include use of a single surgical field to obtain the graft
length needed to cover the interpupillary distance, a
high number of myelinated axons serving as a good
anatomical match with the STN, and limited area of
postoperative anesthesia to the earlobe [35]. Use of a
GAN graft, however, requires a challenging two-team
approach due to limited space around the patient’s head,
which could increase the overall operating time [35].



Curr Ophthalmol Rep (2020) 8:252-266

257

Antebrachial Cutaneous Nerve

The antebrachial cutaneous nerve (LACN) is a purely sensory
nerve that provides sensation to one-third of the anterior and
posterior forearm and is easily accessed under the skin of the
forearm, yielding a 12-cm nerve graft that includes the LACN
and its terminal branches. Similar to the previously described
techniques, the graft can be coapted to a donor nerve for indi-
rect neurotization. A case report of CN using the LACN
showed an improvement in corneal sensation and visual acuity
[36]. The advantanges of the LACN graft include its long
length with several terminal branches, an anatomical match
with the SON, and transient loss of senation in a noncritical
cutaneous region of the anterolateral forearm due to
coinnervation by the radial sensory nerve. As with other indi-
rect autologous grafts, a second team is needed for the graft
harvest, which may lengthen surgical times [36].

Acellular Nerve Allograft

More recently, acellular nerve allografts (ANA) have gained
popularity as they avoid the need for a second surgical team
for graft harvesting and eliminate graft site morbidity. ANAs
provide a commercially available nonimmunogenic scaffold
to guide the regenerating donor nerve fibers to the target cor-
nea. Leyngold et al. were the first to describe the use of ANAs,
as opposed to a harvested nerve autograft, for CN [27]. ANAs
can be coapted to the ipsilateral or contralateral SON, STN, or
infraorbital nerve (ION). When using the SON or STN, the
donor nerve is dissected and severed 1-2 cm distal to the
orbital rim. When using the ION, the orbit is accessed via an
inferior transconjunctival fornix incision, and a small portion
of the orbital floor is removed over the infraorbital canal to
access the ION. ANAs can be coapted to the donor nerve end-
to-end or end-to-side. In the case of end-to-end coaptation, a
nerve connector or amniotic membrane graft can be used to
protect the neurorrhaphy. In a report of seven patients across
three hospital centers using ANAs coapted to the SON, STN,
and ION, all patients demonstrated improved peripheral cor-
neal sensation, with central corneal sensation improvement
reported in 5 patients [27]. This technique provides the bene-
fits of indirect CN without the added invasiveness and poten-
tial subsequent morbidity of harvesting a nerve autograft.
Although it is thought that ANAs are devoid of viable
Schwann cells that support axon regeneration and, therefore,
they may have reduced growth support for regenerating axons
compared with autografts, studies have shown reliable ANA
axon regrowth over 3—4-cm distances [37, 38]. An observa-
tional study demonstrated no significant differences in out-
come when stratified by nerve gap lengths of 10-24 mm,
25-49 mm, and 50-70 mm [37]. However, the long-term ef-
ficacy in longer nerve allografts, as would be needed in con-
tralateral neurotization, is still unknown. Furthermore, the cost

and availability ANAs is a limitation of this technique.
Nonetheless, early reports demonstrate return of corneal sen-
sation when using the allograft coapted to the ipsilateral,
infraorbital, supraorbital, supratrochlear, and even mobilized
contralateral supraorbital or supratrochlear donor nerves
[37-39].

Additional Modifications

In addition to variations in nerve selection and overall surgical
approach, CN techniques may employ different methods for
how donor nerves and grafts are joined at the neurorrhaphy
site and how the nerve fascicles are inset at the corneoscleral
limbus. With regard to the neurorrhaphy site, options include
sutures, plus or minus fibrin glue adhesive, and with or with-
out a protective membrane wrap. Sutures can be used to assure
a secure connection, but this carries a small risk of nerve
damage. Fibrin is quick and easy to apply, but if used alone
it may weaken before nerve healing is complete, leading to
nerve gaps and resulting failed neurotization [5, 13, 34].
Nerve wrap options include amniotic membrane, porcine ex-
tracellular matrix, and absorbable collagen implant, which can
be applied with fibrin glue and has anti-inflammatory proper-
ties that can reduce adhesions and scarring at the neurorrhaphy
site [3, 5, 27]. At the corneoscleral limbus, some surgeons
secure the nerve fascicles to the perilimbal episcleral space
using absorbable or non-absorbable 8—0 to 10-0 sutures [25,
35]. Other surgeons choose to secure the fascicles to the
corneoscleral limbus using fibrin glue alone or a combination
of the two [22]. Another option is to place the fascicles in
perilimbal scleral tunnels, which bring the nerve fascicles into
closer contact with the cornea but are technically challenging
to execute and can lead to nerve fascicle damage and weaken
the cornea’s structure 3, 22, 31, 32]. Studies have shown that
the differences in CB esthesiometry between subconjunctival
and corneoscleral tunnel placement of nerve fascicles disap-
pear by 6 months with equivalent long-term results [40].
Further studies on the comparison of various modifications
in neurorrhaphy and limbal attachment techniques are still
needed.

Medical Therapies

While CN focuses on reinnervating the anesthetic cornea,
conventional medical approaches to NK management have
centered on promoting lubrication and protection of the ocular
surface. In recent years, however, novel medical therapies
have been developed to stimulate nerve growth and restore
proper healing of the ocular surface. Several topical and oral
medications provide potential non-invasive options for im-
proving corneal nerve health and maintenance of the corneal
epithelial surface.
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Nerve Growth Factor

Nerve growth factor (NGF) is a neurotrophic factor released
by corneal nerves that helps with corneal repair and mainte-
nance of homeostasis of the ocular surface [1]. It contributes to
the growth, migration, and survival of neurons, promotes cor-
neal epithelial cell proliferation, and stimulates corneal epithe-
lial healing by increasing substance P and calcitonin gene—
related peptides [3, 7, 41]. In a rat model, NGF levels were
shown to transiently increase in response to corneal epithelial
injury, suggesting that NGF plays a role in the nerve injury
response and regeneration of injured neurons [42-44].
Preliminary clinical studies showed efficacy and safety of mu-
rine NGF drops in promoting epithelial healing in moderate to
severe NK [45, 46]. To better suit further clinical develop-
ment, drops using recombinant human NGF have been for-
mulated and confirmed as safe in phase I trials [47].
Successful outcomes with regard to epithelial healing led to
the approval of Cenegermin (Oxervate™) by the Food and
Drug Administration (FDA) and European Medicines
Agency (EMA) as a treatment for moderate to severe NK
following phase II trials [15, 45].

Cenegermin (Oxervate™)

Cenegermin, a recombinant human nerve growth factor
(rhNGF), produced by Escherichia coli is the first medical
therapy approved for the treatment of stage 2—3 NK. Two
phase II randomized clinical trials have shown that thNGF
eye drops are safe and effective in the treatment of NK.
Cenegermin was shown to improve corneal epithelial healing,
defined as < 0.5 mm fluorescein staining, in up to 69.6-74.5%
of patients with moderate to severe NK at 8 weeks [15]. No
residual epithelial staining was noted in 65.2% of patients in
the US study at the 8-week follow-up, although 6 patients
eventually had a recurrence of persistent epithelial defects.
Of these six patients, 5 were retreated with a second round
of 8 weeks of topical thNGF drops, with 4 patients demon-
strating healing with fluorescein stains < 0.5 mm. Among pa-
tients that achieved corneal healing in a European study, 3.4—
3.6% had a recurrence of epithelial defects at 48 weeks of
follow-up [15, 17¢]. Notably, these studies failed to show a
significant improvement in central corneal sensation or
BCVA in patients receiving 20 pug/ml, which is the FDA ap-
proved and currently available dosage in the market [15, 48e¢].
Disadvantages include mild transient ocular pain, which has
been attributed to the normal healing and the corneal nerve
restorative process as well as the long treatment period of
8 weeks, frequent instillation of drops every 2 h, and high cost.

Additional studies have shown that cenegermin is safe and
effective for use in pediatric patients >2 years old and is now
permitted for use in children in the USA [49]. The most com-
mon side effects of cenegermin include eye and eyelid pain,

@ Springer

inflammation, increased tearing, and foreign body sensation in
the eye [50]. No current concensus on timing of cenegermin
for the treatment of NK is established; however, it is generally
reserved for treatment of moderate to severe NK to aid corneal
healing and prevent progression to corneal melt. As of yet,
there are no clinical guidelines on retreatment with
cenegermin for NK that recurs or persists after 8 weeks of
initial cenegermin treatment; however, successful resolution
of epithelial defects was seen in four of five patients who were
retreated within 1-104 days of the last cenegermin dose in the
phase II trial [45].

Nicergoline (Sermion®)

Nicergoline is a derivative of ergoline that is typically used to
treat cognitive impairment due to degenerative dementia or
stroke [50, 51]. Administered orally, the drug is thought to
increase the healing of corneal epithelial wounds by increas-
ing levels of NGF in the cornea and lacrimal glands, as evi-
denced by rat studies [42, 52]. A prospective non-comparative
study in 27 eyes of 24 patients from South Korea showed
complete healing of corneal epithelial defects in 86% of treat-
ed eyes within an average of 15.6 days after twice-daily treat-
ment with 10 mg of oral nicergoline [42]. In addition, this
study found significant improvement in central corneal sensi-
tivity by CB esthesiometry with an improvement of > 10 mm
in 52% of eyes, improvement in BCVA by >1 line of the
Snellen test in 63% of eyes (> 2 line improvement in 33% of
eyes), and increased tear NGF levels. Patients who demon-
strated epithelial healing showed no evidence of recurrence at
an average of 6.1 months of follow-up [17°, 42]. This study
lacked a control group, and its small sample size limits the
significance of the findings. Although nicergoline oral therapy
shows promise in terms of promoting corneal epithelial
healing, additional high-level evidence, such as a randomized
control trial, is needed to support its use for the treatment of
NK.

Substance P/Insulin-Like Growth Factor

Substance P is a neurotransmitter that is released from corneal
nerve fibers in response to inflammation. The neuropeptide
works in conjunction with insulin-like growth factor 1 (IGF-
1) and epidermal growth factor (EGF) to promote epithelial
proliferation and corneal wound healing [1, 53, 54]. A formu-
lated topical drug has been tested in an open-label study of 26
eyes with stage 1-2 NK in Japan [55]. The results demonstrat-
ed resolution of epithelial defects in up to 82% of patients at
10.5 days, improvement in visual acuity in 65% of study eyes
but minimal corneal sensation return as measured by CB
esthesiometry [55]. A separate case report also confirmed
the regeneration of corneal nerve fibers through in vivo con-
focal microscopy [56]. However, there is no evidence to
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support the use of substance P/insulin-like growth factor (Sub-
P/IGF) in advanced NK. Thus, while early study results are
encouraging, additional research is needed to further evaluate
the efficacy of Sub-P/IGF eye drops across all stages of NK.

Serum Tears

Serum tears are a topical treatment made from a combination
of autologous patient serum and blood derivatives, which
have been shown to contain growth factors and neurotrophic
factors such as substance P, IGF-1, NGF, EGF, and platelet-
derived growth factors that promote tissue regeneration and
repair [57, 58]. This treatment has been around for decades,
used to relieve symptoms and promote re-epithelialization in a
variety of ocular surface conditions including chemical burns
and dry eye disease in patients with Sjogren’s syndrome [59,
60]. Several retrospective serum tear studies of limited sample
size have demonstrated an improvement in epithelial defects
in early stages of NK with accompanying visual acuity im-
provement, and minimal to mild corneal sensation returns
measured by CB esthesiometry and modified Belmonte
esthesiometer [58, 61-64]. An observational study of 22 eyes
of all stages of NK found favorable changes in the corneal
nerves via the in vivo confocal microscopy, healing of the
epithelial defect for 91% of patients within 12 weeks, and
improvement in BCVA in 71% of patients [63]. The 9% of
patients who did not demonstrate epithelial defect healing all
had stage 3 NK. This suggests limited effectiveness in ad-
vanced NK, although other retrospective studies have demon-
strated successful treatment of stage 3 NK with autologous
serum drops [58]. Higher level evidence is needed to confirm
the efficacy of serum tears in the treatment of all stages of NK.

Plasma Rich in Growth Factors (Endoret®)

Plasma rich in growth factors (PRGF) is also an autologous
blood-based therapy that has been used for NK. PRGF eye
drops are comprised of platelet-enriched plasma from the pa-
tient’s own blood that is activated using calcium chloride to
release biologically active proteins, including anti-
inflammatory compounds and growth factors, such as EGF
and NGF [65, 66]. The compounds contained in the drops
promote wound repair and help maintain the ocular surface,
as demonstrated by proliferation and migration assay studies
[66]. A retrospective study of 38 eyes by Sanchez-Avila et al.
demonstrated complete resolution of corneal defect/ulcer in
97% of eyes with stage 2-3 NK treated with PRGF drops,
as well as a statistically significant improvement in BCVA
and a decrease in ocular symptoms such as discomfort, dry-
ness, pain, foreign body sensation, burning/stinging, photo-
phobia, and blurred vision. Corneal sensation was not tested
in this study. Moreover, patients were treated with concomi-
tant therapies as determined necessary by the clinician [67]. A

phase-4 randomized clinical study of PRGF eye drops in pa-
tients with stages 2 and 3 NK is ongoing (NCT02707120).

Regenerating Agent (Cacicol®)

Regenerating agents (RGTAs) are topical agents composed of
polysaccharides in a variety of specific formulations that are
made to mimic natural heparan sulfates, components of the
corneal extracellular matrix [49]. The polysaccharides are
linked to a matrix protein and growth factors and serve to
restore the balance of matrix proteins and cytokines normally
bound to heparan sulfate [67]. In doing this, RGTAs rejuve-
nate the stroma by providing binding sites for growth factors
to promote healing and maintain homeostasis of the cornea’s
microenvironment. Furthermore, RGTA is suggested to pre-
vent corneal epithelial degradation by mimicking the natural
molecules that anchor and protect structural proteins and pro-
tect vital epithelial factors from destruction by proteolysis
[49].

RGTA is currently commercially available in the European
Union and the UK, and numerous studies have examined its
safety and efficacy in treating a variety of ocular surface con-
ditions [17e, 68, 69]. A literature review of open-label studies
and case series of RGTA as a treatment for NK showed com-
plete corneal healing in 69% of eyes with a 4% recurrence
rate; however, there was no improvement in corneal sensitiv-
ity [17¢]. There is a growing consensus in favor of this agent in
the treatment of stage 2 NK, although the results of a random-
ized double-blinded study evaluating RGTA20 efficacy ver-
sus placebo for neurotrophic and chronic corneal ulcers have
yet to be released (NCT01242839) [49].

Thymosin Beta 4

Thymosin beta 4 (T34) is a naturally occurring polypeptide,
present in all tissues except red blood cells, that regulates the
cellular actin cytoskeleton, cell migration, and inflammation.
Treatment with T34 promotes healing by combating the ocu-
lar inflammatory response and accelerates corneal epithelial
growth by decreasing levels of cytokines such as TNF-«,
which trigger a signal cascade that activates numerous proin-
flammatory genes [7, 70, 71]. T34 promotes full-thickness
wound healing, reduces inflammation by modulating infiltra-
tion of proinflammatory leukocytes and cytokines that cause
swelling and tissue damage, and promotes endothelial and
keratinocyte migration [7, 70-72].

Topical T34 was initially shown to be successful in animal
models to treat rats with corneal epithelial injury and mice
with ocular alkali burns [70, 71]. An in vitro study in human
epithelial corneal cells stimulated with TNF-o showed signif-
icantly decreased activation of proinflammatory genes [71]. A
case series of T34 in nine eyes with stage 2 NK and chronic
nonhealing corneal epithelial defects demonstrated significant
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epithelial defect healing in 67% of patients, with complete
defect healing in 44% of patients and no response in 33% of
patients [73]. The beneficial role of T34 in the treatment of
NK is yet to be determined, although a phase 3 randomized
clinical study of RGN-259 ophthalmic solution for the treat-
ment of NK (NCT02600429) is underway.

Additional Medical Therapies

Amniotic membrane extract eye drops (AMEED) aim to
translate the known anti-inflammatory properties of amniotic
membrane into an ophthalmic topical solution to promote cor-
neal wound healing and regeneration in patients with NK [74,
75]. It may be used on its own or in a combined solution with
umbilical cord blood and has been shown to successfully ac-
celerate corneal epithelial healing in animal and human cor-
neas [74, 76-79]. Isolated cases of successful resolution of
epithelial defects with topical insulin and topical coenzyme
Q10 in refractory cases of NK have been reported [80, 81].
The underlying mechanism remains unknown; however, top-
ical insulin decreased the rate of sub-basal corneal plexus loss
in diabetic mice and promoted epithelial cell migration in
in vitro models [82, 83]. Coenzyme Q10 (CoQ10) may pro-
mote epithelial healing by inhibiting cell apoptosis and reduc-
ing inflammation via NF-kB gene expression, and has been
shown to improve the healing of chronic NK corneal ulcers
when used as a topical solution formulated with vitamin E and
hypromellose as an adjuvant therapy to conventional treat-
ments [80]. Lifitegrast, an integrin antagonist that blocks
LFA-1/ICAM-1 interaction to prevent T cell activation/
recruitment and further inflammation, has been FDA-
approved for LASIK-related neurotrophic epitheliopathy
[84]. Netrin-1, a class of proteins involved in axon guidance
and cell migration, has been shown to promote epithelium
repair by preventing apoptosis and facilitating cell prolifera-
tion and migration in mice studies and human corneal epithe-
lial cells in vitro [85, 86]. Further improvements in innovative
medical therapies such as human-induced pluripotent stem
cells have been the focus of interest in the treatment of corneal
diseases and may show to improve outcomes in NK in the
near future [87]. These emerging medical therapies still re-
quire rigorous study to better understand their mechanism,
safety, and efficacy, but they provide promising new avenues
for the expansion and improvement of primary and adjuvant
treatments for NK.

Discussion

The field of NK management has changed drastically over the
past decade, with numerous new surgical and medical treat-
ments showing promising results. These methods aim to re-
store corneal innervation and/or promote the healing and
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maintenance of the ocular epithelial surface through a variety
of pathways. As new treatment options become available,
there are still unanswered questions regarding patient selec-
tion, when to start therapy, and which surgical or medical
therapy is superior.

Proper patient selection is vital for successful surgical or
medical therapy outcomes. While it is not clear which medical
or surgical therapy is most appropriate for various stages of
NK, there are contraindications to CN which can guide med-
ical therapy selection. Relative contraindications to CN in-
clude extensive conjunctival scarring, poorly controlled dia-
betics, patients with poor systemic health or overall poor sur-
gical candidates, and anticoagulation use, and unrealistic pa-
tient expectations. Absolute contraindications include active
or uncontrolled inflammatory or infectious ocular surface dis-
ease, perineural malignancy in the area of the donor nerve,
absence of healthy sensory donor nerves, and ongoing exter-
nal beam radiation to the orbit or eye [28]. In these patients,
medical therapies should be considered.

The treatment of NK is also dependent on the stage of
disease based on the Mackie classification. CN has been suc-
cessfully performed for Mackie stage 1-3, while cenergemin
is approved for Mackie stage 2-3 and RGTA has shown
promising results in the treatment stage 2 NK [10, 15, 22,
49]. In the original CN study by Terzis et al., the Mackie stage
1 patients (n =4, 66.67%) had more return of corneal sensa-
tion compared to the stage 2 and 3 patients (n=2, 33.33%)
[10]. Several authors advocate for early CN intervention in
rapidly progressing NK to prevent permanent corneal scarring
and avoid the need for penetrating keratoplasty or other ocular
surface surgery [10]. Other authors, however, consider CN a
procedure of last resort after medical therapies fail or reserve it
for selected end-stage patients [88]. On the other hand, med-
ical therapies such as thNGF may be used in advanced NK in
patients who are poor surgical candidates for CN, or when the
patient prefers a non-invasive approach. Currently, there are
no established guidelines as to when patients should be of-
fered treatment or which treatment to employ first. Specialists
should discuss the risks and benefits of each option and cus-
tomize therapy based on the patient’s visual acuity, visual
potential, Mackie stage, corneal sensation, underlying cause
of NK, patient age, and systemic risk factors.

CN is a burgeoning field that restores innervation to the
anesthetic cornea. Given the evolution in CN techniques, con-
troversy exists over the best surgical approach. Various factors
are important to consider prior to neurotization, including do-
nor nerve selection, direct versus indirect approach, and
interpositional nerve graft choice. A systematic review of all
reported CN surgical outcomes demonstrated that
neurotization leads to improved BCVA (logMAR improved
to 0.85 from 1.25, p<.0001) and central corneal sensation
(CB esthesiometer improved from 2.18 to 40.10 mm,
p<.0001), with a median time of 8§ months to maximal
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sensation return [20e¢]. Furthermore, a subgroup analysis by
surgical techniques did not show significant differences in the
clinical outcomes when controlled for age [20e].

There are several donor sensory nerve options, including
the SON, STN, ION, and GAN, all with different distances,
diameters, accessibility, and density of axons. Ideally, the do-
nor nerve selected should be in closest proximity to the anes-
thetic cornea, with the highest number of axons, easily acces-
sible, and carries minimal donor site morbidity. When
performing indirect CN, the donor and graft nerve diameters
should match for optimal results. Generally, the number of
myelinated axons is greater in the SON (6017 +4195) versus
the STN (2534 + 1667), while the GAN (6530 +2464) has a
similar number of axons as the SON but is much further than
the SON. The exact number of axons in the canal of the ION is
unknown but is likely similar to the SON with a similar dis-
tance to the cornea; however, when the ION is utilized, it is
typically through end-to-side coaptation, so it is unknown
how many axons regenerate via this coaptation. Given the
reliable postsurgical forehead sensory deficit recovery, the
more proximal and larger SON is often the axon donor of first
choice for many authors. However, the STN, ION, and GAN
can be selected based on the reasons already mentioned, intact
sensation and, surgeon preference.

In addition to donor nerve selection, the direct vs. indirect
approach should be determined. Both have demonstrated suc-
cessful outcomes despite certain surgical advantages and lim-
itations. The MIDCN approach, using the ipsilateral SON do-
nor, is an excellent option to address ipsilateral NK by keeping
a short distance between the donor nerve and the affected
cornea, and limiting the approach to one eyelid crease incision
and one surgical team. When the contralateral SON or STN is
selected as the donor, or in cases of bilateral corneal anesthe-
sia, the direct nerve transfer approach is more challenging, and
the indirect approach may be superior.

When selecting the indirect approach, surgeons should
choose between an autologous nerve graft vs. an allograft.
Controversy exists as to whether allografts are as effective as
autologous nerve grafts for CN. Allografts are attractive be-
cause they preserve autologous nerves, decrease surgical time,
and come in a variety of diameters to prevent mismatch at the
neurrorhaphy site. However, their lack of Schwann cells, which
may decrease axon regeneration for longer lengths, suggest
against its use for contralateral neurotization. Regardless of
graft choice, the nerve graft diameter should be considered to
select the best end-to-end diameter match. The end-to-end
neurorrhaphy is the procedure of choice in the nerve surgery
literature [89]; however, when the interpositional graft diameter
is larger than the selected donor sensory nerve diameter, an
end-to-side neurorrhaphy can be selected. A major advantage
of end-to-side neurorrhaphy is that coaptation can be performed
while preserving sensation in the distribution of the donor
nerve. There are concerns of the amount of axon regeneration

via end-to-side coaptation; however, the success of this tech-
nique is well documented [32]. Until more information is avail-
able to determine which donor nerve, approach, or graft option
is superior, these surgical decisions should be tailored to the
individual patient factors, outcome goals, surgeon preferences,
and the availability of resources.

Novel medical treatments for NK provide an alternative yet
effective and non-invasive option to CN (Figure 4). The top-
ical thNGF has been most rigorously studied via multiple
randomized controlled trials and has been shown to improve
corneal epithelial healing. Importantly, phase Il randomized
controlled trials showed no improvement in central corneal
sensation or BCVA after 8 weeks of receiving 20 pg/ml of
cenegermin [15, 45]. Other studies on medical therapies re-
main observational and poorly controlled. The study charac-
teristics are summarized in Table 1. Despite successful results
in corneal epithelial healing, RGTA did not show any change
in corneal sensation. Moreover, nicergoline and serum tears
showed improved corneal healing and corneal sensation, al-
though the improvement was minimal to mild (range 6—
21 mm by CB esthesiometry) in mostly early stages of NK.
This is in contrast to CN studies that showed significant im-
provement in both BCVA and central corneal sensation (av-
erage 38 mm by CB esthesiometry) [20e]. Furthermore,
in vivo confocal microscopy and histological specimens of
post-deep anterior lamellar keratoplasty following CN have
also confirmed nerve growth in the treated corneas [21].
This suggests that CN and medical therapies improve the oc-
ular surface environment in different ways. CN directly trans-
fers nerves for nerve regeneration and long-term improvement
in corneal health and sensation, while medical therapies pro-
vide the necessary trophic factors for epithelial regeneration
(thNGF, RGTA, Sub-P/IGF, serum tears, nicergoline) and
decrease the overall inflammation (PRGF, RGTA) [49].

Disadvantages of CN include the invasiveness of the pro-
cedure, the time it takes to reestablish corneal sensation—a
median 8 months to maximal sensation— and potential com-
plications to surgery. For these reasons, rhNGF should be
considered as a viable treatment option for moderate to severe
NK, especially in patients who are poor surgical candidates,
where CN is contraindicated, or when immediate corneal
healing is needed. An exciting area of research includes eval-
uating the potential synergistic effects of CN and rthNGF.
Growth factors, including NGF, have been applied in nerve
conduits to small animal models of nerve gap injury (1-—4-cm
gap) and demonstrate improved histological, electrophysio-
logical, and functional outcomes compared with conduit con-
trols [90]. It is possible that novel medical therapies could
complement CN, by providing the necessary trophic factors
for more immediate corneal healing and by possibly enhanc-
ing axonal regeneration in CN. Further studies are needed to
compare CN and medical treatments, such as rhNGF, and to
better understand the potential benefits of combined therapy.

@ Springer



262

Curr Ophthalmol Rep (2020) 8:252-266

Drugs
Options
+/- surgical
options

Mild

Epithelial changes
without epithelial defect

Epithelium stabilization
Prevent progression

- Preservative free
artificial tears

- Lubricating ointments
Anti-inflammatory
treatment: topical
steroids

- Cyclosporine A

Refractory corneal ulcer

Moderate

Epithelial defect

without stroma involvement

Promote epithelium healing

Prevent progression

= Mild and

Cenegermin

RGTA

Autologous serum
Citrate?

Antibiotics

—

Severe

Corneal ulcer
with stroma involvement

Promote corneal healing
Prevent perforation

= Moderate and specially:
- Cenegermin
-RGTA

+/- Amniotic Membrane Transplant

Fig. 4 Treatment approach for medical management of refractory corneal ulcers due to neurotrophic keratopathy (NK). Figure from Bremond-Gignac
et al. Expert Opin Investig Drugs. Nov 2019

Conclusion

Numerous minimally invasive CN surgical techniques and
novel medical therapies have resulted in a paradigm shift in

NK treatment. These new methods show promising results in
their ability to resensitize the cornea, promote healing of the

corneal epithelial surface, and restore the vital homeostasis
between corneal nerves and the ocular surface.

Table 1 Summary of studies of medical therapies for neurotrophic keratopathy
Study Date Treatment Number Stage Design Follow-up period Improved Improved
of eyes (weeks) corneal BCVA
sensation
Bonini et al. [47] 2018 rhNGF 18 2-3  RCT 48-56 Yes Yes
Bonini et al. [15] 2018 rhNGF 156 2-3  RCT 48-56 Yes Yes
Pedrotti et al. [50] 2019 rhNGF 1 3 Single case 3 Yes No
Sanchez-Avilaet al. [67] 2017 PRGF-Endoret 38 2-3  Case series mean 11.4 (SD 13.7) Yes Yes
Dunn et al. [73] 2010 Tp4 9 2 Case series 4 - -
Yoon et al. [91] 2007 UCS 28 1-3  Prospective open 878 Yes Yes
Jeng et al. [61] 2009 AS 50% 25 2 Retrospective 18 - -
Matsumoto et al. [58] 2004 AS20% 14 1-3  Case series 16-156 Yes Yes
Turkoglu et al. [62] 2014 AS20% 20 2-3  Retrospective mean 26.8 (SD 8.2) — Yes
Guadilla et al. [63] 2013 AS20% 22 1-2 Retrospective 16 Yes Yes
Rao et al. [64] 2010 AS 11 1-2 Prospective open 1224 Yes Yes
Yanai et al. [92] 2015 IGF/Sub-P 26 1-2  Prospective open 12 - Yes
Yamada et al. [55] 2008 IGF/Sub-P 26 2 Prospective open 4 Yes Yes
Nishida et al. [93] 2007 I1GF/Sub-P 11 1-2 Prospective open 4 - Yes
Guerra et al. [69] 2017 RGTA 25 2 Prospective not controlled 12 - Yes
Aifa et al. [94] 2012 RGTA 11 2 Prospective not controlled 4-22 - No
Arvola et al. [95] 2016 RGTA 8 2 Case series 6-10 - No
Lee et al. [42] 2015 Nicergoline 27 2-3  Prospective controlled 4 Yes Yes
Gumus [80] 2017 CoQ10 6 1-3  Case series 8 - Yes

AS autologous serum, CoQ10 coenzyme Q10, /IGF/Sub-P insulin-like growth factor/substance P, PRGF plasma rich in growth factors, 7ANGF recom-
binant human nerve growth factor, RCT randomized controlled trial, RGTA regenerating agent, UCS umbilical cord serum
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There are advantages and disadvantages to each CN tech-
nique, although all approaches have demonstrated to be effec-
tive at reinnervating the anesthetic cornea [20+¢]. Additionally,
medical therapies provide a non-invasive approach to the
treatment of NK. Several new treatments show promising re-
sults such as thNGF, RGTA, and nicergoline. However, not
all medical treatments address the underlying problem in NK;
therefore, it remains to be seen which options best facilitate
long-term corneal health. Furthermore, many of these medical
treatments are still lacking in higher level of evidence, such as
serum tears, T34, PRGF, and Sub-P/IGF, to support their use
for NK. Ultimately, the evolution of CN has led to the devel-
opment of numerous successful methods for surgical corneal
reinnervation, and several exciting new medical therapies pro-
vide viable non-surgical alternatives. Further research is need-
ed to better understand the efficacy and effectiveness of these
techniques and treatments, and how they can best be used
alone or in combination to treat NK.
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